While the benefits of growth hormone (GH) therapy in adult hypopituitary patients with GH deficiency (GHD) are established, the role of continued GH therapy after final height in adolescent GH-deficient patients remains unclear. Preliminary data suggest that cessation of GH on completion of linear growth may be associated with impairment of somatic development and adverse changes in body composition. For the present time, the decision whether to continue GH treatment in adolescent patients with GHD is best made on an individual basis. For such patients, continuity of care is crucial. Children and adults with GHD are usually managed by physicians in separate departments, who may focus on different aspects of treatment and care. Close collaboration between paediatric and adult physicians is essential to ensure smooth transition and to minimize the drop-out rate from followup. Given the previous period of treatment during childhood, paediatric physicians should be best placed to discuss the potential benefits of continuing GH therapy and instigate retesting of GH secretion. Many children with isolated idiopathic GHD will produce normal GH responses if retested at adult height. Patients with multiple pituitary hormone deficits are more likely to have ongoing GHD, as are patients who have received CNS irradiation. Quality of life does not appear to be decreased in adolescents with GHD who stop treatment, so achievement of satisfactory bone mass is a major determinant of the decision whether to continue therapy.
Introduction
The benefits of treating severely growth hormone (GH)-deficient children with recombinant human GH, in order to facilitate linear growth, are firmly established. If therapy is commenced early and continued for long enough, affected children achieve adult heights that are within the normal range (1) . Given that growth failure is the commonest presenting feature of GH deficiency (GHD) in children, the goal of therapy has, traditionally, been statural, with cessation of treatment when adult height is attained. The relatively recent recognition of a clinical syndrome associated with GH deficiency in adults, and the fact that many of its features are favourably influenced by treatment with GH (2, 3) , raises the possibility that, for some patients, GH therapy may need to continue after reaching final height. This demands a critical re-evaluation of the process by which adolescent GH-deficient patients are best transferred from the care of a paediatric endocrinologist into an adult endocrine clinic and when GH therapy should be discontinued.
Retesting of GH secretion at completion of growth
A substantial proportion of children with isolated GHD (IGHD) will have recovered normal GH reserve by the time adult height is attained (4) . This is particularly likely in those previously diagnosed with partial GHD (i.e. peak GH, 10 -20 mU/l, 3.3-6.7 mg/l) on dynamic testing or low 24-h integrated GH secretion. Patients with multiple pituitary hormone deficits (MPHD), with or without structural pituitary or peri-pituitary disease, are more likely to have ongoing GHD (5) , and previous cranial irradiation is also a predictor of ongoing GHD (6) . However, examples clearly exist both of patients with IGHD in childhood who subsequently satisfy the criteria for severe GHD when retested as adults, and of children with MPHD who have normal GH reserve on retesting (7). Hence, although it seems reasonable to advise patients with IGHD (particularly those with 'borderline' diagnostic results) that they are unlikely to require ongoing GH therapy into adult life, retesting of GH reserve is strongly advised in all patients on completion of linear growth, with the possible exception of genetic GH deficiency, as there is a possibility that GHD may persist into adulthood.
Current guidelines from a consensus meeting on the diagnosis of GHD in adults suggest that two biochemical tests of GH status are required in patients with IGHD, whereas a single GH-provocation test is sufficient in patients with MPHD (8) . This has been advised because the peak GH concentrations obtained in patients with IGHD typically vary depending on the test used. In contrast, measurements of peak GH concentration in patients with MPHD are typically reliable irrespective of the test used. The insulin tolerance test (ITT) remains the 'gold standard' for testing GH reserve and has been shown to be safe and reliable when performed in experienced endocrine units, provided that there is strict adherence to the exclusion criteria (9, 10 ). An alternative test in patients for whom the ITT is contraindicated (or as the second test in patients with IGHD) is the combined arginine/GHreleasing hormone test (8) . In adolescents, as in adults, a serum concentration of insulin-like growth factor I (IGF-I) below the lower end of the age-adjusted normal range is highly suggestive of GHD in patients with MPHD (7).
Effects of discontinuation of GH at final height
Although it is clear that many of the adverse pathophysiological features of the adult GHD syndrome are improved by GH replacement (2, 3), such observations alone do not provide sufficient basis for the continuation of GH therapy in GH-deficient adolescents once growth is complete. Nor is it satisfactory to quote data from studies in which patients with childhood-onset GHD (CO-GHD) have subsequently been treated with GH in adult life, as such studies have usually been initiated several years after the discontinuation of GH therapy. As patients with CO-GHD have lower serum IGF-I levels, a lower lean body mass, reduced height, less reduction in quality of life (QoL) and less marked derangement of serum lipoprotein levels than patients with adult-onset GHD (AO-GHD), it has been argued that the two should be considered as separate entities (11) . Given that the rationale for continuing GH treatment is partly to prevent adult GHD, it is appropriate to review whether withdrawal of GH therapy in this patient group is associated with adverse pathological changes.
Body composition
Observational discontinuation studies provide some evidence that withdrawal of GH therapy in adolescents who have completed their growth is associated with adverse changes in body composition (12, 13) . Although both studies were small (eight and six patients respectively), analysis of these and other, similar, studies suggests that withdrawal of GH at the completion of final height is associated with a decrease in muscle strength and an increase in fat mass (14) . However, such studies require cautious interpretation on account of the fact that a substantial proportion of patients treated with GH replacement in childhood show evidence of normal GH status by the time they achieve final height (4, 15) . In addition, interpretation of data from discontinuation studies is made more difficult by the fact that serum IGF-I concentrations in patients who have persisting GHD are often markedly higher than those in patients with normal GH reserve (16) . In other words, the observed changes in body composition may relate more closely to the reversal of GH excess than to the discontinuation of 'physiological' doses of GH.
Vahl et al. randomized 19 patients either to placebo or to continue with their regular paediatric weightbased GH dose, 2.0-5.0 IU/day (0.7 -1.7 mg/day) for 12 months after final height, followed by a further 12 months of GH therapy in all patients (17) . No change in lean body mass (LBM) was evident over 1 year in either group, but there was a significant increase in LBM when placebo-treated patients subsequently restarted GH. Total body fat (TBF) increased significantly in the placebo-treated patients, but this was largely reversed during the open-label GH phase of the study. Interestingly, despite this change in TBF, there were no significant differences in insulin sensitivity between the two groups (18) .
In a recent, preliminary, report of a UK multi-centre study of similar design, 24 adolescent patients either stopped GH therapy or continued with a weight-based dosing regimen of 0.35 IU/kg/week (0.12 mg/kg/week) for 12 months (19) . In those who discontinued GH therapy, LBM remained static. In contrast, there was an approximate 4% increase in LBM in patients who continued on GH (Fig. 1) . No statistically significant change in total, truncal or percentage fat was observed in either group, although a trend towards an increase in all three measures was noted in patients who discontinued GH. Despite these increases in fat mass, there was a significant improvement in insulin sensitivity following cessation of GH, as determined by the short insulin tolerance test (sITT). A similar non-significant trend in insulin sensitivity was observed when assessed by a homeostatic model. No changes in insulin sensitivity were noted using either method in patients remaining on GH therapy.
The results of these two studies are not completely consistent with the established adult model of hypopituitarism, in which increased central adiposity is associated with relative insulin resistance. The 'insulin antagonistic' effects of GH are postulated to be due, at least in part, to its lipolytic action, with consequent mobilisation of free fatty acids. This leads to Randle cycle substrate competition between glucose and lipid fuels in the periphery, increased insulin secretion and a state of partially compensated hyperinsulinaemia (20) . A relative insulin-resistant state caused by GH action may, potentially, be advantageous to the adolescent patient because of the increased anabolism associated with higher circulating insulin concentrations.
Bone mineral density
Peak bone mass (PBM), defined as the highest level of bone mass achieved as a result of normal growth, together with subsequent age-related loss, is an important determinant of an individual's risk of osteoporosisrelated fracture in later life (21, 22) . During puberty, areal bone mineral content (BMC) and density (BMD) increase four-to sixfold over 3 years (11-14 in girls and 13 -16 in boys) (22) , such that approximately 37% of skeletal mass is acquired between pubertal stages 2 and 5 (22) . Increased gonadal steroid secretion around the time of puberty is the most important hormonal regulator of bone accretion, but the anabolic effects of GH in vitro, together with the beneficial effects of GH replacement on bone remodelling and BMD in adult hypopituitarism, have highlighted the possible role of GH in the attainment of PBM.
Patients with CO-GHD are relatively osteopaenic compared with age-matched healthy controls (23, 24) . This is true both for patients with IGHD and those with MPHD (24) , suggesting that it is the GHD per se, rather than inadequate/supraphysiological replacement of deficient anterior pituitary hormones that is the cause of the low bone mass. However, cross-sectional studies using dual-energy X-ray absorptiometry should be interpreted with caution, as an important determinant of areal BMD is bone size (25) . Hence, it is possible that the observed deficits in bone mass were due, at least in part, to a period of untreated GHD prior to the commencement of childhood therapy and/or suboptimal replacement of GH. The latter possibility is supported by the observation that patients treated with recombinant human GH have a greater bone mass than patients with similar aetiologies of GHD treated with cadaveric GH (26) .
A recent UK multicentre study examined the skeletal consequences of discontinuation/continuation of GH therapy in 24 adolescent patients with severe GHD, according to adult criteria (27) . Continuation of GH at a fixed weight-based dose of 0.35 IU/kg/week (0.12 mg/kg/week) was associated with an increment in whole body BMC approximately 3% greater than that observed in patients who discontinued GH (6% rise in the GH-treated patients vs 3% in those who discontinued GH) (Fig. 2) . This extra increase in BMC would represent 2 years of bone loss later in life in a typical postmenopausal woman (28) . Interestingly, the 6% increase in BMC in those who continued GH approximates to that observed in previous longitudinal studies in healthy adolescents (21, 22) and parallels the change in LBM reported in the same cohort of patients (19) .
The mechanism underlying the apparent disadvantage of those patients who discontinued GH was not clearly identified, although the fall in bone-specific alkaline phosphatase (BSAP) between 0 and 6 months in those who discontinued GH is suggestive of a reduction in osteoblastic activity (Fig. 3) . A larger study examining the relationship between baseline markers of bone turnover and subsequent bone mineral accretion is required to clarify this point.
In a separate 2-year study, Shalet and colleagues randomised 149 young adults to one of three groups: no treatment, GH 0.025 mg/kg/day (paediatric dose) or GH 0.0125 mg/kg/day (adult dose) (29) . All had been treated with GH to final height for a diagnosis of GHD made in childhood, although, unlike the study reported above, the time since discontinuing GH therapy varied between 6 weeks and 5 years. Mean BMC increased in the control group by 5.6% over 2 years. In the GH-treated patients, BMC increased by 9.5% (adult dose) and 8.1% (paediatric dose), further supporting the notion that withdrawal of GH replacement in young adult GHD patients limits the progression towards peak bone mass. Certain patients may be closer than others to peak bone mass at final height and may therefore have more to gain by continuation of GH.
Markers of cardiovascular risk
In adolescent GH-deficient patients there is no evidence that discontinuation of GH results in the characteristic derangement of the lipid profile seen in patients with AO-GHD. However, it is important to note that the duration of both studies was only 12 months and such data should be interpreted in the light of the obvious complexity of the role of GH in determining insulin sensitivity in this age group. Larger studies of longer duration will be required to determine whether this aspect of the adult GHD syndrome evolves in adolescent GH-deficient patients. No data from continuation/discontinuation studies are currently available regarding fibrinogen, plasminogen-activating inhibitor or intima -media thickness in this patient group.
Strategy for GH therapy at completion of growth
In the absence of compelling data to justify widespread continuation of GH into adult life, and the lack of evidence that a delay in re-introducing therapy has deleterious consequences, several possible strategies exist. One approach would involve the seamless continuation of GH into adult life, with only a brief cessation of therapy to allow re-assessment of GH status. A second option, given that the greatest short-term benefit of GH replacement in adult life is improved well-being, would be to offer GH replacement only to those patients who demonstrate the greatest disadvantage in terms of QoL on withdrawal of GH at final height. A proportion of adult GHD patients, particularly those with CO-GHD, report entirely normal QoL when off treatment (11) . Hence, a period of cessation of GH would help to determine whether GH therapy is likely to be symptomatically beneficial. The practice of universal continuation of GH from childhood to adulthood would not identify such patients. In addition, compliance with therapy is likely to be improved in patients who experience a period of symptomatic GHD prior to subsequent recommencement of GH. A third strategy would be to continue with GH for some years after linear growth is complete in order to facilitate the development of PBM, followed by discontinuation of therapy with subsequent re-evaluation.
Summary
There is preliminary evidence that withdrawal of GH therapy on completion of linear growth in GH-deficient adolescents may be associated with incomplete skeletal development and adverse changes in body composition. To date, there is little evidence that such patients are significantly disadvantaged in terms of QoL, insulin sensitivity or surrogate markers of cardiovascular risk, and it is clear that the role of GH in determining insulin sensitivity in this age group and the evolution of this aspect of the adult GHD phenotype requires further clarification.
